Wood is a composite assembly of cellulose fibers connected by lignin and hemicelluloses, among other components, and is probably the renewable resource with higher potential to produce green fuels and other valuable materials.
Introduction
Wood is a composite assembly of cellulose fibers connected by lignin and hemicelluloses, among other components, and is probably the renewable resource with higher potential to produce green fuels and other valuable materials. 1 Depending on the species, wood is composed of circa 35-50 wt% of cellulose, 18-30 wt% of lignin, 15-30 wt% of hemicelluloses and lower amounts of other compounds. 2 However, the fractionation and processing of lignocellulosic biomass is still a challenge due to its complex structure, while the current sustainable concerns require that the isolation of value-added compounds from wood has to be accomplished by environmentally-friendly and biocompatible solvents and processes. 3, 4 Some relatively recent approaches for biomass processing and its conversion into, or extraction of, high-value compounds are focused on the use of ionic liquids (ILs). 3, [5] [6] [7] ILs are defined as organic salts with melting points below 100 1C, mainly composed of large-size ions with dispersed charge. These characteristics allow ILs to display small lattice enthalpies and large entropy changes upon melting, thus favouring their liquid state at lower temperatures. Due to their ionic nature, ILs present a unique combination of physicochemical properties, such as high conductivity, negligible vapour pressure, nonflammability and a high solvation capacity to numerous polar and non-polar compounds, which is beneficial for the isolation of various biomass fractions and components. 1, 2, 4, 6, [8] [9] [10] [11] [12] Some research groups [8] [9] [10] [11] [12] [13] have been studying the ability of ILs to dissolve carbohydrates, including monosaccharides and disaccharides, namely glucose, mannose, xylose, sucrose and lactose, as well as high molecular weight polysaccharides, like cellulose, chitin, chitosan, inulin, pectin, starch, xylan, agarose, dextrin and cyclodextrin, aimed at identifying the most promising solvents for the fractionation of lignocellulose and the isolation of value-added compounds or materials. While for lignocellulosic biomass several ILs have demonstrated their ability to dissolve cellulose, and accordingly to pre-treat biomass, [14] [15] [16] [17] currently, the conversion of biomass into smaller carbohydrates is an application of intensive demand worldwide. 18 As stated in the 2010 review by Zakrzewska et al., 13 the research on the ability of ILs to dissolve oligosaccharides is still in its infancy. In particular a CICECO -Aveiro Institute of Materials, Chemistry Department, for monosaccharides, the authors 13 showed that the available studies have focused on the solubility of fructose and glucose in ILs based on imidazolium cations. Among these, 1-butyl-3-methylimidazolium-based ILs were revealed to be the best solvents for monosaccharides; 10 however, their solubility can be significantly changed by the functionalization of the alkyl side chains of the imidazolium cation, such as by the introduction of an ether group. 9 In studies addressing the solubility of carbohydrates in imidazolium-based ILs, particular care was taken at high temperatures by monitoring the carbohydrate degradation and/or their ''Browning effect'', [19] [20] [21] and by determining the amount of water in the IL samples. [19] [20] [21] [22] [23] Generally, in the set of ILs studied, the solubility of saccharides at a given temperature follows the order: fructose 4 xylose 4 glucose 4 galactose, 19, 24 which is closely connected to their melting properties. Albeit these recent studies contribute to an increase in the understanding on the monosaccharide solubility and their interactions with ILs, all of them reveal the need to expand that understanding, putting into evidence differences that need to be unveiled. In addition to the experimental solubility data, other attempts for understanding the mechanisms of monosaccharide solubility in ILs can be found in the literature. [25] [26] [27] [28] Youngs and co-workers 28 carried out molecular dynamics studies and revealed that the solvation of glucose in 1,3-dimethylimidazolium chloride results mainly from the established interactions between the chloride anion and glucose, whereas the cation only interacts weakly with the monosaccharide. Hassan et al. 25 applied ab initio calculations to study the impact of different ILs on the solubility of cellulose, or glucose, showing that interaction energies and hydrogenbonding formation in systems containing glucose are higher than those with cellulose, while being governed by the hydrogenbonding basicity and polarity of the anion. An additional interesting approach implemented by Mohan et al. 24 consisted on the screening, using COSMO-RS, of 64 ILs to dissolve monosaccharides, allowing the identification of heuristic rules to select the most adequate fluids. Furthermore, nuclear magnetic resonance (NMR), 27 UV-Vis and Fourier transform infrared (FTIR) 26 spectroscopy were used to gather a broader picture of the underlying molecular mechanisms responsible for the solvation capability of some ILs for carbohydrates. Some thermodynamic models have also been used to satisfactorily correlate the solubility data. 18, 23, 29, 30 The vast majority of studies addressing the solubility of monosaccharides in ILs were carried out using 1-alkyl-3-methylimidazolium-based fluids, and a few cases included benzotriazonium-, pyridinium-, pyrrolidinium-and ammoniumbased ILs. 13 Therefore, it is of interest to extend the solubility studies to other classes of ILs aimed at gaining a better understanding of the IL anion and cation effects so that some structure-property relationships could be identified. Therefore, in this work, the solubilities of six monosaccharides, namely Table 1 , while those of the ILs are shown in Table 2 . The set of ILs selected allows inferring the IL cation and anion effects upon their ability to dissolve monosaccharides. On the other hand, the large set of monosaccharides investigated permits the identification of the most important features regarding their solubility in ILs. The solubility values were also compared with those reported in the literature for water [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and methanol. 32, [41] [42] [43] [44] The thermodynamic functions of solution were determined and the respective solvation mechanisms are presented and discussed.
Materials and methods

Materials
The monosaccharides studied were 
and phosphonium-based ILs were kindly provided by Cytec Industries, with mass fraction purities of 97 and 93-95% for [P 6, 6, 6, 14 ] [N(CN) 2 ] and [P 6, 6, 6, 14 ]Cl, respectively. Given the low purity of phosphonium-based ILs they were further purified by repetitive washing with ultrapure water and further dried under vacuum for at least 48 h, as previously described by us. 45 After this process, the purity of these ILs was evaluated by 31 P, 1 H and 13 C NMR spectra, displaying purity mass fractions 499%. To reduce the content of water and volatile compounds to negligible values, both ILs and monosaccharide samples were dried under high vacuum and at approximately 333 K, under continuous stirring, for a minimum of 48 h. After the drying procedure, the water content in ILs and monosaccharides was determined by Karl Fischer titration and it was found to be o0.2 wt% for all ILs and o0.7 wt% for all monosaccharide samples. The details of water content are presented in Table S1 in the ESI. † After the purification step, all IL and monosaccharide purities were checked by 1 H and 13 C NMR spectroscopy.
Methods
Solubility of monosaccharides in hydrophilic ILs. Approximately 2 g of binary mixtures were prepared in closed glass vials by adding each one of the imidazolium-based ILs and each monosaccharide in excess. The mixture was left under constant stirring for at least 72 h, at constant temperature (AE0.01 K), by immersing the closed glass vials in a thermostatized water bath, Jubalo F12. This time period was previously optimized and although we have found that 12 h are enough to achieve the equilibrium, 72 h were used to guarantee that in all situations the saturation was reached, particularly for the most viscous ILs and at low temperatures.
After equilibration, samples were centrifuged for 20 min at 4500 rpm, and then placed again in the water bath for 1 h, without stirring, at the desired temperature. Approximately 1 g (gravimetrically determined, AE10 À5 g) of each IL-saturated solution was taken and diluted in pure water in a volumetric ratio previously established and dependent on the concentration of each monosaccharide. The monosaccharide quantification was performed by a colorimetric method using dinitrosalicylic acid. 1 cm 3 of a standard 3,5-dinitrosalycilic acid (DNS) solution was added to 1 g of each diluted IL-monosaccharide sample, vigorously stirred, and finally placed in a water bath at 373 K for 5 min.
After the reaction, samples were immersed in ice for a few minutes and further diluted in ultra-pure water up to a final volume of 10 cm 3 . The quantification of the reduced product 3-amino-5-nitrosalicylate was carried out by UV-Vis spectroscopy, using a SHIMADZU UV-1700, Pharma-Spec spectrometer, at a wavelength of 540 nm. Calibration curves for each monosaccharide were previously established and at least three individual vials for each set of conditions were prepared and analysed. All results regarding the monosaccharide solubility in ILs at each temperature are presented as an average value with the respective standard deviation.
Solubility of monosaccharides in hydrophobic ILs
The equilibrium conditions and saturation of phosphoniumbased ILs were achieved as described before. After reaching equilibrium, approximately 1 g (gravimetrically determined, AE10 À5 g) of the saturated IL-D-(+)-glucose solution was taken and 3 cm 3 of dichloromethane was added to induce the precipitation of the monosaccharide. The D-(+)-glucose crystals were then recovered by filtration, further washed with dichloromethane to ensure the removal of IL traces, and finally placed in an air oven at approximately 313 K and dried up to constant weight. The quantification of the monosaccharide was done by weight, within AE 10 À5 g.
All solubility measurements were carried out at least in three independent samples. All results regarding the D-(+)-glucose solubility in ILs at each temperature are reported as an average value with the associated standard deviation.
Results and discussion
Solubility data for monosaccharides in [C 4 Table 3 while solubility results for D-(+)-glucose in [P 6, 6, 6, 14 ] [N(CN) 2 ] and [P 6, 6, 6, 14 ]Cl are presented in Table 4 . For all ILs and monosaccharides, there is an increase in the solubility with the increase in temperature.
As reported by Zakrzewska et al., 13 the quality of experimental data available in the literature for the solubility of monosaccharides in ILs is still questionable due to the existence of large deviations between different authors. Fig. S1 -S3, and Tables S2  and S3 in 11 In fact, and although using different analytical techniques, the authors 29 also mentioned the difficulty in controlling the water content during measurements, which seems to be the main reason behind the larger deviations observed. On the other hand, the purity of ILs can also lead to different values, particularly when considering phosphonium-based ILs.
We previously described a pre-treatment method for improving their purity by consecutive washing steps with water 45 -an attempt also done in this work. Therefore, we believe that our phosphonium-based ILs are of higher purity which could lead to some deviations between our values and literature data.
[
is one of the best solvents ever reported for monosaccharides at 298 K. 10, 13, 21, 30 As shown for D-(+)-glucose, a solubility value larger than that of water is observed at circa 298 K, as depicted in 12 In order to contribute to a better understanding of the IL cation effect on the solubility of monosaccharides, the solubility of D-(+)-glucose in [P 6, 6, 6, 14 ]-based ILs, coupled with some of the best anions for dissolving monosaccharides, namely chloride and dicyanamide, was also determined in this work. D-(+)-glucose was the solute selected because it has been widely studied in ILs [8] [9] [10] [11] 13, 16, [19] [20] [21] [22] [23] [24] 28, 29 and since it is the monomer of cellulose. 12, 14, 16, 17 The solubility of D-(+)-glucose in [P 6, 6, 6, 14 ]-based ILs is one order of magnitude lower than that observed in the imidazolium-based fluids investigated in this work (Tables 3 and 4) . Therefore, all results gathered in this work clearly reveal that both the IL anion and the cation play a significant role in the monosaccharide solubility. Fig. 1 and 2 depict the solubility of all monosaccharides, expressed as the natural logarithm of the mole fraction, ln x Monosaccharide , as a function of the reciprocal temperature, Fig. 1 (Fig. 2) . While D-(+)-xylose and D-(À)-fructose are, respectively, the most and less soluble saccharide in both ILs, differences between the two sequences, most notably for D-(+)-galactose and D-(+)-mannose, are not simple to explain. It is also of particular interest to remark that in recent works, 19, 24 D-(À)-fructose was shown to be often the most soluble monosaccharide in imidazolium-based ILs, while in this work it is the less soluble monosaccharide.
In order to compare and interpret the solvation mechanisms of monosaccharides in ILs, the enthalpy of solution, DH sol , the Gibbs free energy of solution, DG sol , and the entropy of solution, DS sol , were determined at 298 K using the following equations:
where x Monosaccharide is the mole fraction solubility of each monosaccharide in the IL, R is the ideal gas constant, T is the absolute temperature, and the subscript p indicates isobaric conditions. All solution properties are presented in Fig. 3 depicts a schematic representation of the several steps involved, aimed at gaining a better understanding of the solubility and solvation processes of monosaccharides in ILs. The solution/solvation process is divided into two main steps: Step 1, comprising cohesive interactions of monosaccharides, and
Step 2, comprising interactions between monosaccharides and ILs as well as the IL cavitation. The cavitation energy (in Step 2) is defined as the work required for the formation of a surface at the solvent to accommodate a given solute, and is entropically and enthalpically unfavourable. 48 The similarity between the enthalpies of solution observed within different monosaccharides in the same IL suggests that the enthalpy of disruption of hydrogen-bonds and van der Waals interactions in the solid monosaccharides (in Step 1) is partially compensated by the formation of new hydrogen-bonds between these and ILs (in Step 2). This similarity is not observed for other solvents, as shown in the values reported in Table S5 in the ESI, † where the enthalpies of solution in water and methanol are highly distinct for the different monosaccharides, and where a higher dispersion in the entropy of solution is also observed. If data available for the solubility of some monosaccharides cannot guarantee very precise estimations, it is important to remark that enthalpies of solution in water measured by solution calorimetry 49 are in acceptable agreement with the values shown in Table S5 four or five IL ion pairs under the saturation conditions (a list of the number of -OH groups in monosaccharides is presented in Table 3 ). Since the enthalpies of sublimation associated with Step 1, judging by the value 54 of 160 kJ mol À1 for carbohydrate alcohols, are far more important than the enthalpies of melting, of about 25 kJ mol À1 per hydrogen-bond, it means that the solvation of each monosaccharide in the IL is accomplished by the formation of hydrogen-bonding and dispersive-type interactions, which correspond to the enthalpies associated with Step 2. This view is consistent with a low and positive enthalpy of solution due to the formation of hydrogen-bonds, and a low solution entropy which indicates a specific interaction. Even if the solubility process is controlled by enthalpic contributions, the differences in the solubility magnitude between monosaccharides are difficult to interpret as the difference between the solution entropies and enthalpies is small, both following approximately the same trend. The cavitation energy (in Step 2) is expected to be very similar for various monosaccharides in the same IL, but it changes with the IL. For instance, the significantly lower solubility of D-(+)-glucose in [P 6, 6, 6, 14 
is enthalpically driven and could be partially associated with a higher cavitation energy displayed by the large-size [P 6, 6, 6, 14 
The solubility of monosaccharides in a given IL is not directly related to their melting properties, but dominated by the nonideality of the solution, where the interplay between the higher cohesive energy of monosaccharides and their strong interactions (dispersive and hydrogen-bonding) with ILs reflect the solvation of the hydroxyl groups. Nevertheless, the solubility of monosaccharides in ILs does not strictly follow the number of -OH groups in each monosaccharide and does not significantly increase with the number of hydroxyl groups in equatorial position, contrary to that observed for the solvation of monosaccharides in water. Table 5 , are closer to those displayed in methanol (cf . Table S5, PO 4 ] (driven by the high solubility) can be explained by the high number of oxygen atoms in this IL anion, and therefore to its potential to hydrogen-bond with hydroxyl groups of monosaccharides in multiple arrangements. In addition to the effect of the IL anion, a relevant effect of the IL cation was found in this work -there is a decrease of one order of magnitude in the mole fraction solubility of glucose from [C 4 C 1 im][N(CN) 2 ] to [P 6, 6, 6, 14 ] [N(CN) 2 ] (Fig. 4) . The corresponding equations of the linear functions shown in Fig. 4 are given in ESI, † Table S4 . The estimated enthalpy of solution for dicyanamidebased ILs is about two times larger in the phosphonium -than in the imidazolium-based compound. On the other hand, the entropy of solution is slightly higher in [P 6, 6, 6, 14 ] [N(CN) 2 ], suggesting that the observed significantly lower solubility of D-(+)-glucose in [P 6, 6, 6, 14 ] [N(CN) 2 ] is enthalpically driven. Moreover, a decrease in the intensity of hydrogen-bond interactions between phosphonium-based ILs and monosaccharides due to the higher cavitation energy associated with the bulky phosphonium cation is expected. The higher solution properties of D-(+)-glucose in [P 6, 6, 6, 14 ]Cl also reflect a decrease in the number and intensity of hydrogen-bonding-type interactions between this IL and monosaccharides. In summary, the set of results for [P 6, 6, 6, 14 ]Cl and [P 6, 6, 6, 14 ] [N(CN) 2 ] corroborates the high relevance of the IL cation to the solubility of monosaccharides, whereas the decrease in the monosaccharide solubility in trihexyltetradecylphosphoniumbased ILs is mainly related to their bulky size when compared with imidazolium-based counterparts.
Conclusions
Aimed at gaining a better understanding of the enhanced solubility of monosaccharides in ILs, in this work, the solubility of six monosaccharides was determined in four ILs in a broad temperature range. At 298 K, the solubility of D-(+)-glucose decreases in the following order: [C 4 The solution properties were additionally determined in order to rationalize the monosaccharide solubilisation phenomenon in ILs. Generally, enthalpic contributions were found to be dominant and independent of the monosaccharide. However, the entropic contributions cannot be discarded since they support the differences observed in the solubility of monosaccharides in [C 4 C 1 im][N(CN) 2 ]. The effect of the IL cation is highly relevant and it was found to be enthalpically driven. This fact can be explained by the higher cavitation energy of [P 6,6,6,14 ] [N(CN) 2 ] and by the decrease in the intensity of IL-monosaccharide hydrogen-bonding interactions.
